Introduction {#Sec1}
============

Obesity is a major public health problem that is causally associated with many diseases, including type II diabetes, hepatic steatosis, cardiovascular diseases and systemic chronic inflammation.^[@CR1],[@CR2],[@CR3],[@CR4]^ Anti-obesity drugs, as well as lifestyle interventions, have been developed for the weight loss of obese patients. Unfortunately, although many of these treatments are effective at the beginning of intervention, it is difficult to maintain a 10% body weight reduction in the first year and most patients typically regain 30--50% of their initial weight during the next 2--3 years.^[@CR5],[@CR6],[@CR7]^ Some patients even obtain a heavier body weight with severe adiposity after treatment.^[@CR8]^ Clinical studies have confirmed that weight regain emerges regardless of different therapy types, including lifestyle intervention, pharmacotherapy and bariatric surgeries.^[@CR9],[@CR10],[@CR11]^ Moreover, body weight regain can occur not only after therapy termination but also during the treatment.^[@CR12]^ It is often accompanied by a recurrence of obesity-related comorbidities.^[@CR13]^ Overall, there seems to be a strong tendency for individuals who experienced obesity to regain lost weight and fat.^[@CR14]^

The underlying mechanism for weight regain is largely unknown. A commonly assumed perspective is that weight regain is caused by metabolic adaptions, such as increased appetite and reduced energy expenditure.^[@CR15]^ Previous studies have demonstrated that weight loss leads to a significant increase in orexigenic hormones, including ghrelin and glucagon-like peptide-1 (GLP-1),^[@CR16],[@CR17],[@CR18]^ and a decrease in anorexigenic hormones, including peptide YY (PYY), cholecystokinin (CCK) and leptin.^[@CR19]^ Weight loss also reduces total energy expenditure, thus favoring weight regain.^[@CR20]^ However, weight regain was correlated with higher leptin and lower ghrelin levels in human patients.^[@CR21]^ Appetite sensation and resting metabolic rate also remained unaffected after weight reduction.^[@CR22]^

Chronic systemic inflammation is associated with obesity onset. Immune cells, especially T lymphocytes, have a crucial role in obesity-related inflammation.^[@CR23]^ Activated CD4+ T cells were shown to accumulate in adipose tissue before inflammatory macrophage infiltration, which contributed to inflammatory cell activation.^[@CR24]^ Recent studies have also indicated that the IL-33/ST2 axis was crucial for the proliferation and differentiation of visceral adipose tissue-resident regulatory T cells (Tregs, a subset of CD4+ T cells), whereas the increased Tregs could restrain the obesity-induced inflammation in adipose tissue and thereby improve obesity-associated metabolic parameters.^[@CR25],[@CR26]^

Intriguingly, accumulating evidence has also highlighted the potential roles of chronic systemic inflammation in weight regain. Increases in leukocytes and neutrophils in circulation and HAM56 (human alveolar macrophage) in adipose tissue were utilized to predict unsuccessful weight reduction and rapid weight regain.^[@CR27]^ Weight cycling induced T lymphocyte accumulation in epididymal adipose tissue.^[@CR28]^ CD4+ effector T cell-mediated macrophages were shown to be recruited and retained in the adipose tissues of previously obese mice, despite normalized body weight.^[@CR29],[@CR30]^ Meanwhile, when subjected to short-term fasting followed by refeeding or long-term weight loss intervention, inflammatory mediators including tumor necrosis factor alpha (TNF-α) and interleukin 6 (IL-6) were elevated in epididymal adipose tissue.^[@CR15],[@CR31]^ These results suggest a potential link between chronic systemic inflammation and weight regain. However, the underlying mechanism and biological significance remain unclear.

In this study, we provide evidence that mice with obesity experience displayed much faster body weight regain, which was not due to physiological adaptions. This obesity memory had a long-lasting effect, and it was mainly mediated by CD4+ T cells from previously obese mice.

Materials and methods {#Sec2}
=====================

Animals and diets {#Sec3}
-----------------

Mice were provided by the Model Animal Research Center (MARC) of Nanjing University (Nanjing, Jiangsu Province, China) and housed in a specific pathogen-free (SPF) and Association for Assessment and Accreditation of Laboratory Animal Care International (AAALACI) accredited animal facility. All experiments were performed according to the animal protocol approved by the MARC Animal Care and Use Committee. For most studies, 8-week-old mice were separated into two groups, an obesity history group (MOH) and a control group (CTR). The MOH group was fed a high fat diet (HFD, 60% energy from fat, Research Diets, New Brunswick, NJ, USA) for 1 month (weight gain period). Then, the MOH mice underwent calorie restriction to lose weight. It took about 3 weeks for the MOH mice to reach the same body weight as the even-aged CTR group (weight loss period). During the weight gain and loss period, the CTR group was fed a regular chow diet (RD, 6% energy from fat, Xietong Company, Nanjing, China). For weight maintenance, the MOH mice were kept at the same body weight as the CTR cohort after weight loss. Afterwards, both the MOH and the CTR groups were fed a HFD or RD *ad libitum* to induce weight regain.

Body weight and body composition measurement {#Sec4}
--------------------------------------------

Body weight was measured once or twice per week at 1600 hours. The body weight increment ratio was calculated by dividing the weight gain during a certain period (weight regain or HFD feeding periods) by the body weight at the beginning of this period. For body composition measurements, mice were anesthetized with 2.5% avertin (0.5 mg/10 g body weight) after overnight fasting (16 h). Lean mass, fat mass and bone mineral density (BMD) values were assessed with a dual-energy X-ray absorptiometry (DEXA) system (PIXImus 2, GE lunar, Chicago, IL, USA). Meanwhile, mouth to anus length was measured. For tissue weight measurements, mice were killed and tissues were isolated and weighed immediately.

Blood glucose, GTT and ITT {#Sec5}
--------------------------

Blood was collected from mouse tail tips. The fasting (overnight) blood glucose and postprandial blood glucose levels were tested using a glucocard blood glucose test meter (GT-1640, ARKRAY, Kyoto, Japan). Glucose tolerance tests (GTT) and insulin tolerance tests (ITT) were carried out after fasting for 8- and 6-hour periods, from 0800 to 1600 hours or 1400 hours, respectively. Mice were intraperitoneally injected with 2 g/kg body weight of [d]{.smallcaps}-(+)-glucose (G6152, Sigma, Virginia Beach, VA, USA) for the GTT and with 0.5 IU/kg body weight of insulin (Novo Nordisk, Tianjing, China) for the ITT. Blood glucose levels were detected at 0, 15, 30, 45, 60, 90 and 120 min after glucose/insulin injection.

Blood cell counting and blood biochemistry {#Sec6}
------------------------------------------

Anticoagulant-treated whole blood was collected from the posterior orbital venous plexus of the mice with a 15 g/l EDTA·2 K solution. Blood cell counting was performed immediately using a Hemavet 950FS Hematology Analyzer (Drew Scientific, Miami Lakes, FL, USA). For blood biochemical analysis, blood was collected from the venous sinus of the optical orbit and clotted by standing on ice for 2 h. Sera were isolated by centrifugation at 3000*g* at 4 °C for 20 min and stored at −20 and −80 °C for short- and long-term storage, respectively. Cholesterol (CHOL), triglyceride (TG), high-density lipoprotein-cholesterol (HDL-C) and low-density lipoprotein-cholesterol (LDL-C) in the sera were detected with a 7600 Clinical Analyzer (Hitachi High-Technologies, Tokyo, Japan).

Comprehensive Lab Animal Monitoring System {#Sec7}
------------------------------------------

Metabolic parameters of the mice were acquired with a computer-controlled open-circuit monitoring system (Oxymax indirect calorimetry system, Oxymax/CLAMS, Columbus Instruments, Columbus, OH, USA). The mice were housed individually in metabolic chambers with free access to water and a group-associated diet for at least 1 day of acclimation and 3 days of monitoring. Parameters including O~2~ consumption, CO~2~ production and daily food intake were detected and locomotor activities were measured on the X axis through infrared beams. Respiratory exchange ratio (RER) and heat production levels were calculated from the O~2~ consumption, CO~2~ production and daily food intake values.

Gene expression analysis {#Sec8}
------------------------

Total RNA was extracted from inguinal and epididymal adipose tissue and used for quantitative real-time PCR (qPCR) and microarray assays (Agilent Technologies, Capitalbio, Beijing, China). Data were analyzed using the chipster platform and normalized with the quantile normalization method. The accession number for the microarray data reported is GEO: GSE76944. The primers used for qPCR are listed in Supplementary Table [S1](#MOESM1){ref-type="media"}.

Immunosuppressant treatment {#Sec9}
---------------------------

Before weight loss, obese mice were intraperitoneally injected with 5 mg dexamethasone sodium phosphate/kg body weight (Longship, Pizhou, China) per day for three consecutive days. Saline was injected into CTR mice as a control.

Flow cytometry {#Sec10}
--------------

Epididymal adipose tissue was isolated and digested in collagenase II (2 mg/ml, Worthington Biochemical, Lakewood, NJ, USA) for 30 min in a 37 °C water bath. After the adipose fraction and erythrocytes were removed, the cells were incubated with antibodies (0.2 mg/ml for each) at 4 °C for 30 min. CD4-Cy5.5, CD8a-APC, TCRβ-PE, TCRβ-APC, IFNγ-FITC and IL-17a-PE antibodies (Biolegend, San Diego, CA, USA) and CD4-FITC and CD8a-PE (Ebiosciences, San Diego, CA, USA) were used. To detect the T helper 1 (Th1) and T helper 17 (Th17) cells, associated cells were pre-stimulated with Phorbol-12-myristate-13-acetate (PMA) and ionomycine at 37 °C for 30 min and then incubated with the corresponding antibodies. To detect the CD4+ T cell depletion efficiency, erythrocyte-removed blood cells were incubated with CD4-FITC and CD8a-PE antibodies. The stained cells were analyzed by flow cytometry (FACS Calibur, Becton Dickinson, Franklin Lakes, NJ, USA), and the data were analyzed with FlowJo software (Tree Star, Ashland, OR, USA).

CD4+ T cell depletion {#Sec11}
---------------------

After weight loss, mice were tail vein injected with 100 μg anti-CD4 antibody (GK 1.5, Ebioscience) once (dMOH, CD4+ T cell-deficient MOH). IgG2bκ isotype antibody (eB149/10H5, Ebioscience) was used as a negative control (sMOH, CD4+ T cell-sufficient MOH). CTR mice were injected with saline. Two weeks after injection, the mice were fed HFD. The depletion efficiency was measured by flow cytometry.

Adoptive transfer {#Sec12}
-----------------

EGFP transgenic mice (EGFP, C57BL/6J background) were used as donors to examine the transfer efficiency, as their splenocytes are EGFP-positive. The splenocytes of C57BL/6J mice were harvested before weight regain or after weight maintenance. A total of 2 × 10^7^ cells were transferred into each recipient recombination-activating gene 1 knockout mouse (Rag1^−/−^) via the tail vein. After 2 weeks, the recipient mice were fed HFD to induce weight regain.

Statistics {#Sec13}
----------

Data were statistically analyzed using unpaired two-tailed Student's *t*-tests or two-way ANOVA followed by the Bonferroni *post hoc* test. All data are expressed as the mean±s.d. A *P-*value \<0.05 was considered statistically significant.

Results {#Sec14}
=======

Mice with an obesity history display faster weight regain after weight loss {#Sec15}
---------------------------------------------------------------------------

We designed a weight gain-loss-regain model with C57BL/6J mice ([Figure 1a](#Fig1){ref-type="fig"}). Mice with an obesity history (MOH) were fed a HFD for 1 month and then subjected to weight loss for about 3 weeks, whereas control mice (CTR) were fed a RD at the same time. Then, both groups were fed with the HFD to induce diet-induced-obesity (DIO). During this regain period, the MOH mice gained significantly more weight than the CTR cohort ([Figures 1b and e](#Fig1){ref-type="fig"}), indicating a rapid obesity relapse. No difference was detected between the two cohorts in body length, BMD, skeletal content and lean mass (Supplementary Figures [1a--c](#MOESM1){ref-type="media"}). The extra weight gain in the MOH mice was attributed to greater fat accumulation (Supplementary Figure [1c and d](#MOESM1){ref-type="media"}). The MOH mice consumed more oxygen during the daytime and generated a normal amount of carbon dioxide (Supplementary Figures [1e and f](#MOESM1){ref-type="media"}). The RER shift from 0.8 to 0.7 suggested that MOH mice were more inclined to acquire energy from fat oxidation after weight regain (Supplementary Figure [1g](#MOESM1){ref-type="media"}). MOH mice yielded more heat than CTR mice, whereas both cohorts displayed similar levels of physical activity and food intake (Supplementary Figures [1h--j](#MOESM1){ref-type="media"}). In addition, MOH mice showed increased fasting and postprandial blood glucose levels and decreased insulin sensitivity (Supplementary Figures [1k and l](#MOESM1){ref-type="media"}). Notably, MOH mice still displayed a higher weight gain rate even when the HFD was replaced with the RD during the weight regain period ([Figures 1c and f](#Fig1){ref-type="fig"}). These results suggest that after experiencing obesity, the mice retained a strong obesogenic tendency, which was independent of food type.

![Weight gain-loss-regain model and long-term obesity memory. The DIO model in C57BL/6J mice was established as per the simulative graph and timeline (**a**). Body weight curves (**b--d**) and body weight increment ratios during the weight regain period (**e--g**) were recorded to display obesity memory. Weight regain was induced with a HFD (**b**, **e** and **d**, **g**) and a RD (**d**, **f**). The data are shown as means±s.d. \**P*\<0.05 and \*\**P*\<0.01, unpaired Student's *t*-test. ^§§§^ *P*\<0.001, two-way ANOVA followed by the Bonferroni *post hoc* test. CTR, control group; DIO, diet-induced-obesity; HFD, high fat diet; MOH, obesity history group; RD, regular diet.](41423_2018_106_Fig1_HTML){#Fig1}

To determine how long this obesogenic tendency persists, MOH mice were given a mild food restriction to maintain body weight at a similar level to that of the RD-fed CTR mice for 2 months. Then, both cohorts were subjected to HFD feeding. We observed a similar phenomenon as before, with a faster weight regain in the MOH mice ([Figures 1d and g](#Fig1){ref-type="fig"}). This result indicated that the obesogenic tendency in previously obese mice was a long-lasting 'obesity memory'.

Obesity memory is independent of hyperphagia, reduced thermogenesis or decreased metabolic rate {#Sec16}
-----------------------------------------------------------------------------------------------

Previous studies have suggested that increased appetite, reduced thermogenesis and decreased metabolic rate accompanying DIO contributed to weight regain.^[@CR32]^ To examine whether metabolic abnormalities occurred in previously obese mice, we measured their body composition and metabolic parameters. In contrast to previous reports, we found that MOH mice after weight loss had not only the same body weight but also similar body length, BMD, skeletal content, lean mass and fat mass values as those in the CTR cohort ([Figures 2a--e](#Fig2){ref-type="fig"}). Identical fasting and postprandial blood glucose levels and insulin sensitivity were also observed between the MOH and the CTR mice ([Figures 2f and g](#Fig2){ref-type="fig"}). O~2~ consumption, CO~2~ production and RER remained normal in MOH mice ([Figures 2h--j](#Fig2){ref-type="fig"}). Furthermore, physical activity, heat production and food intake were equivalent between the two cohorts ([Figures 2k--m](#Fig2){ref-type="fig"}). These results suggest that the MOH mice following weight loss displayed unaffected glucose metabolism and energy homeostasis.

![Metabolic parameters of C57BL/6J mice before weight regain. Body weight (**a**), body length (**b**), overall and local bone mineral density (**c**), bone mineral content, lean mass and fat mass (**d**) and body fat percentage (**e**) values were measured to determine body compositions, especially fat content, of the MOH and CTR mice. The fasting and postprandial blood glucose levels (**f**) and insulin sensitivity (**g**) were detected to determine glucose metabolism in both cohorts. O~2~ consumption (**h**), CO~2~ production (**i**), RER (**j**), ambulatory activity (**k**), heat production (**l**) and food intake (**m**) were detected to examine energy expenditure. Data are shown as means±s.d. No difference was detected in this figure. CTR, control group; MOH, obesity history group; RER, respiratory exchange ratio.](41423_2018_106_Fig2_HTML){#Fig2}

Immune cells are essential for obesity memory {#Sec17}
---------------------------------------------

We noticed that the spleens and thymuses were swollen in the MOH mice compared with the CTR mice after weight regain, suggesting that the immune system might be involved in this obesity memory (Supplementary Figure [1m](#MOESM1){ref-type="media"}). To further confirm this observation, we performed a microarray assay using inguinal adipose tissue from mice experiencing weight regain and confirmed the results via qPCR. Interestingly, immune-related signaling pathways, including T cell receptor (TCR), toll-like receptor (TLR) and Jak-STAT pathways, were significantly upregulated in MOH mice (Supplementary Figures [2a--e](#MOESM1){ref-type="media"}), suggesting an activation status. We further detected these alterations in both gonadal and inguinal adipose tissues from mice experiencing weight loss and found increased pro-inflammatory gene expression, including interferon γ (IFNγ) (Supplementary Figures [2f and g](#MOESM1){ref-type="media"}). Moreover, T cells, including CD4+, CD8+ T cells and Tregs, were significantly increased in adipose tissue, whereas their numbers remained unchanged in the spleens of MOH mice after weight regain (Supplementary Figures [3a and b](#MOESM1){ref-type="media"}). Before weight regain, the T cell numbers in the adipose tissue and spleens of MOH mice were higher than those in the CTR mice even though their body weights were identical (Supplementary Figures [3c and d](#MOESM1){ref-type="media"}). Circulating white blood cells, including lymphocytes, monocytes and granulocytes (for example, eosinophils, neutrophils and basophils), were also increased before weight regain, suggesting a systemic immune activation status in these mice (Supplementary Figures [3e--i](#MOESM1){ref-type="media"}).

To further study the relationship between immune activation and obesity memory, we established a weight gain-loss-regain model using Rag1^−/−^ mice, which lack mature T and B cells.^[@CR33]^ Intriguingly, the MOH Rag1^−/−^ mice displayed no previous obesity memory as they showed similar weight gain rates during the weight regain period to those of the CTR Rag1^−/−^ mice ([Figures 3a and b](#Fig3){ref-type="fig"}). Consistently, the MOH Rag1^−/−^ mice exhibited a similar body composition, as well as blood glucose and insulin sensitivities to those of the CTR Rag1^−/−^ mice after both weight regain and weight loss (Supplementary Figures [4a--f and 5a--f](#MOESM1){ref-type="media"}). MOH Rag1^−/−^ mice also showed similar energy metabolism as the CTR cohort after weight loss (Supplementary Figures [5g--m](#MOESM1){ref-type="media"}). In addition, we suppressed systemic immunologic functions in C57BL/6J mice by injecting dexamethasone (dexa), a common immunosuppressant that inhibits T cells and pro-inflammatory cytokines,^[@CR34]^ into mice after weight gain. Interestingly, these immuno-suppressed MOH mice were unable to establish obesity memory ([Figures 3c and d](#Fig3){ref-type="fig"}). These results demonstrate that immune activation serves as a precondition for acquiring or implementing obesity memory.

![Immunodeficiency leads to failure in establishing obesity memory. Immunodeficient Rag1^−/−^ mice and C57BL/6J mice that were treated with dexamethasone (dexa) were subjected to a weight gain-loss-regain cycle. Body weight curve (**a**, **c**) and body weight increment ratio values during the weight regain period (**b**, **d**) were recorded to examine obesity memory in Rag1^−/−^ mice (**a**, **b**) and dexa-treated C57BL/6J mice (**c**, **d**), respectively. Adoptive transfer of splenocytes was performed to determine the role of immune cells in memorizing obesity. The body weight curves of donor C57BL/6J mice (**e**, **h**) and recipient Rag1^−/−^ mice (**f**, **i**) and the body weight increment ratios of recipients during HFD feeding (**g**, **j**) were recorded after weight loss (**e**--**g**) and after 1 month of weight maintenance (**h**--**j**), respectively. The cell collection time is indicated by a black arrow. Data are shown as means±s.d. \*\*\**P*\<0.001, unpaired Student's *t*-test. ^§§§^ *P*\<0.001, two-way ANOVA followed by the Bonferroni *post hoc* test. HFD, high fat diet; Ns, no significance.](41423_2018_106_Fig3_HTML){#Fig3}

To test whether immune cells from MOH are sufficient to transfer the stored 'obesity memory' to naive mice, we collected splenocytes from MOH and CTR mice after weight loss ([Figure 3e](#Fig3){ref-type="fig"}) and transferred them into Rag1^−/−^ mice. We found that MOH Rag1^−/−^ recipients that received MOH mouse immune cells displayed significantly faster weight gain after being fed HFD ([Figures 3f and g](#Fig3){ref-type="fig"}). Considering that obesity memory is a long-lasting effect, we collected splenocytes after 1 month of body weight maintenance ([Figure 3h](#Fig3){ref-type="fig"}) and performed the same adoptive transfer. The transfer of the obesity memory to Rag1^−/−^ recipient mice was achieved using the MOH splenocytes ([Figures 3i and j](#Fig3){ref-type="fig"}). Therefore, we conclude that immune cells are responsible for the obesity memory.

CD4+ T cells contribute to the obesity memory {#Sec18}
---------------------------------------------

To examine whether T cells contributed to the weight regain, TCRβ^−/−^ mice, which are deficient in both CD4+ and CD8+ T cells,^[@CR35]^ were subjected to the weight gain-loss-regain cycle. We found that MOH TCRβ^−/−^ mice were unable to establish obesity memory and gained similar body weights to those of the CTR cohort during the regain period (Supplementary Figures [6a and b](#MOESM1){ref-type="media"}). Correspondingly, MOH TCRβ^−/−^ mice showed normal glucose metabolism and insulin sensitivity after weight loss (Supplementary Figures [6c--e](#MOESM1){ref-type="media"}). These results suggest that T cells are crucial for establishing obesity memory.

To determine which subset of T cells is necessary for obesity memory, adipose tissue-resident T cells were isolated from C57BL/6J mice that had experienced obesity and different categories of T cells were counted. We found that CD4+ effector T lymphocytes, including Th1 and Th17 cells, were noticeably increased in epididymal adipose tissue of MOH C57BL/6J mice (Supplementary Figure [7](#MOESM1){ref-type="media"}), suggesting a vital role of CD4+ T cells. Therefore, H2A^−/−^ mice, which lack CD4+ T cells, were subjected to the weight gain-loss-regain model. DIO H2A^−/−^ mice failed to establish obesity memory and displayed similar weight regain rates to those of CTR H2A^−/−^ mice ([Figures 4a and b](#Fig4){ref-type="fig"}). These results suggest that T cells, and particularly CD4+ T cells, have an important role in establishing obesity memory.

![Role of CD4+ T cells in establishing and storing obesity memory. CD4+T cell-deficient H2A^−/−^ mice were subjected to the weight gain-loss-regain cycle. Body weight curve (**a**) and body weight increment ratio values during the weight regain period (**b**) were recorded to examine obesity memory in H2A^−/−^ mice. MOH C57BL/6J mice were injected with an anti-CD4 antibody (dMOH) or corresponding isotype IgG (sMOH) to determine the role of CD4+ T cells in obesity memory. CTR C57BL/6J mice were injected with saline. The injection time is indicated with a black arrow. Body weight curve (**c**) and body weight increment ratio values during the weight regain period (**d**) were recorded to examine obesity memory. Adoptive transfer of CD4+ T cells was conducted to confirm their role in memorizing obesity. The body weight curves of donor C57BL/6J (**e**, **h**) and recipient Rag1^−/−^ mice (**f**, **i**) and the body weight increment ratios of recipients during the HFD feeding period (**g**, **j**) were recorded after weight loss (**e**--**g**) and after 1 month of weight maintenance (**h**--**j**), respectively. The cell collection time is indicated by a black arrow. Data are shown as means±s.d. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001, unpaired Student's *t*-test. ^§§§^ *P*\<0.001, two-way ANOVA followed by the Bonferroni *post hoc* test. CTR, control group; dMOH, CD4+ T cell-deficient MOH group; HFD, high fat diet; mCD4T, CD4+ T cells carrying obesity memory group; MOH, obesity history group; NC, negative control group; Ns, no significance; PC, positive control group; sMOH, CD4+ T cell-sufficient MOH group.](41423_2018_106_Fig4_HTML){#Fig4}

To further confirm the requirement of CD4+ T cells in obesity memory, CD4+ T cells were depleted in C57BL/6J mice after weight loss by administration of an anti-CD4 antibody that did not affect CD8+ T cells and B cells (Supplementary Figures [8a and b](#MOESM1){ref-type="media"}). Compared with the CD4+ T cell-sufficient MOH (sMOH, injected with an isotype IgG2bκ antibody) and CTR mice (injected with saline), the obesity memory in the CD4+ T cell-deficient MOH mice (dMOH, injected with anti-CD4 antibody) was completely eliminated ([Figures 4c and d](#Fig4){ref-type="fig"}), suggesting that CD4+ T cells are indispensable for obesity memory. To further explore the role of CD4+ T cells, we collected splenocytes from CTR and MOH mice after weight loss and isolated CD4+ T cells with magnetic beads ([Figure 4e](#Fig4){ref-type="fig"}). Then, CD4+ T cells from MOH mice and CD4+ T cell-removed splenocytes from CTR mice were mixed and transferred into naive Rag1^−/−^ recipient mice (mCD4T, CD4+ T cells carrying obesity memory). Thus, this splenocyte mixture contained CD4+ T cells that might carry obesity memory and other splenocytes that did not carry obesity memory. Rag1^−/−^ mice transferred with total splenocytes of CTR and MOH mice were used as negative controls (NC) and positive controls (PC), respectively. After 2 weeks of transfer, Rag1^−/−^ recipients were fed with HFD to induce obesity. Interestingly, the body weight increment ratio of the mCD4T cohort was similar to that of the PC mice, and it was significantly greater than that of the NC cohort ([Figures 4f and g](#Fig4){ref-type="fig"}). In addition, we isolated CD4+ T cells from donors that experienced 1 month of weight maintenance ([Figure 4h](#Fig4){ref-type="fig"}) and conducted the transfer experiment again. Remarkably, a higher rate of weight gain was observed in mCD4T recipients when compared with the NC counterparts ([Figures 4i and j](#Fig4){ref-type="fig"}). These results demonstrate that CD4+ T cells are the key contributors to the storage and transfer of obesity memory.

Discussion {#Sec19}
==========

Obesity has become one of the most serious health problems globally, and the obese and overweight populations are growing rapidly.^[@CR36]^ It is difficult to reduce weight, while maintaining a long-term reduced weight is also a huge challenge.^[@CR9],[@CR37]^ Physiological adaptions have been regarded as the potential cause of weight regain.^[@CR37],[@CR38]^ However, we showed that no significant metabolic alterations were observed after weight loss and that they were not the major reason for obesity relapse. Instead, faster weight regains were related to dysregulated immune activation, which is consistent with the observation that enhanced inflammation is induced by weight fluctuation.^[@CR39],[@CR40],[@CR41],[@CR42]^ We observed that circulating and adipose tissue-resident T cells were present at higher levels in the weight-lost mice when compared with the weight-matched normal mice. Mice with severe immune deficiency failed to develop obesity memory. Furthermore, we found that obesity memory was stored in immune cells and could be adoptively transferred to immune-deficient mice.

It is known that obesity triggers chronic inflammation in white adipose tissue, represented by accumulated effector lymphocytes, including CD4+ T cells.^[@CR43]^ Fat-produced leptin can induce CD4+ T cell proliferation and activation showing increased expression of early and late activation markers.^[@CR44]^ Here, we show that CD4+ T cells are also related to obesity memory. CD4+ effector T cells, including Th1 and Th17 cells, accumulated in adipose tissue before weight regain. CD4+ T cell-deficient H2A^−/−^ mice were unable to establish obesity memory. Depletion of CD4+ T cells prevented obesity memory development, suggesting that obesity memory depends on CD4+ effector T cells. Surprisingly, we also observed that the weight regain was accelerated when we introduced CD4+ T cells of previously obese mice into Rag1^−/−^ mice. These results suggest that CD4+ T cells have a vital role in establishing obesity memory.

It is difficult to identify the specific antigens that trigger the activation of these obesity memory-related CD4+ T cells. Although it was reported that fatty acids could promote the proliferation of memory-like CD4+ T cells, it is still unknown whether they are able to directly activate CD4+ T cells and trigger obesity relapse.^[@CR45]^ Meanwhile, there are many different subsets of CD4+ T cells that have been associated with obesity and inflammation in adipose tissue. Th1-polarized cells were reported to be associated with inflammation and insulin resistance in obesity.^[@CR46]^ IFNγ, a prototypical Th1 cytokine, was increased in obese adipose tissue and promotes obesity-related inflammation.^[@CR47]^ Th1 responses could be promoted by M1 macrophage-mediated NKT cell activation, which therefore exacerbated obesity and chronic inflammation.^[@CR48]^ Th17 cells, another pro-inflammatory T cell subtype, infiltrated obese adipose tissue, and Th17 cytokines promoted TNF-α production in obese and metabolically unhealthy individuals.^[@CR49],[@CR50]^ Although our data show that Th1 and Th17 were increased after weight loss, their functions in obesity memory remain unknown. On the other hand, Tregs, known as an important immune-suppressive CD4+ T cell subset, are abundant in the adipose tissue of normal mice but are reduced in proportion in obese mice.^[@CR51]^ Depletion of Tregs leads to adipose tissue inflammation and metabolic abnormalities.^[@CR52],[@CR53]^ In particular, visceral adipose tissue-resident Tregs have been reported as a crucial suppressor of obesity-associated inflammation.^[@CR25],[@CR26]^ Further studies are required to identify the role of Tregs in obesity memory.

Previous studies suggest that many cytokines are associated with obesity-related inflammation and weight regain. Pro-inflammatory cytokines and chemokines, including IFNγ, IL-6 and IL-1β, can be induced by leptin.^[@CR44]^ Monocyte chemoattractant protein-1 (MCP-1), which was increased in HFD-induced obesity, remained at higher levels after weight loss and during weight regain.^[@CR41]^ High TNF-α levels in white adipose tissue were detected in weight-loss patients.^[@CR30]^ Weight regain could be predicted by higher CRP and IL-1β levels, whereas successful weight maintenance was associated with lower levels of these proteins.^[@CR31]^ IL-25, a member of the IL-17 family, reduced body weight gain and alleviated lipid accumulation in adipose tissue via stimulating M2 macrophage polarization.^[@CR54]^ Here, we also observed elevated IFNγ expression in adipose tissue before and after weight regain. The above-mentioned inflammatory cytokines and their functions in obesity memory require further study.

Physical activity seems to be the most beneficial approach for promoting long-term weight loss and preventing weight regain.^[@CR55]^ It was recently reported that strengthening physical activity promotes immune system hypofunction.^[@CR56]^ Although upregulation of inflammatory molecules, including hsCRP, IL-1, TNF-α and TNF receptor, could be reversed through dieting, physical exercise was shown to be essential to keep these inflammatory molecules at low levels.^[@CR56],[@CR57]^ Our data show that immune cell-induced inflammatory status facilitates obesity relapse, which may also implicate the efficacy of dieting-plus-exercise treatment.

In conclusion, we provide new insight into the mechanism of weight regain. Obesity can be memorized by immune cells and stored in CD4+ T cells, resulting in unavoidable weight regain. With further investigation into the specific antigens and CD4+ T lymphocyte subtypes involved in obesity memory, we may develop more efficient anti-obesity strategies.
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